Intravascular ultrasound imaging can detect intimal thickening and is suitable for detection of early atherosclerosis, which cannot be detected by conventional angiography. The aim of the present study was to investigate the epicardial coronary morphology and intracoronary pressure in relation to slow coronary flow (SCF). The study population consisted of 19 patients with SCF [11 (57.9%) females; 55.95 ± 9.42 years]. Proximal, middle, distal and mean total vessel area, lumen area, intima + media area (IMA), percent IMA, and maximal intima + media (I + M) thickness were calculated and compared to healthy subjects. Proximal, middle, distal and mean I + M thickness, IMA, and % IMA of patients with SCF were found to be significantly higher than those of control subjects. Longitudinally extended massive calcification throughout the epicardial arteries was found in 13 (68.4%) patients with SCF and regional calcification was found in 6 (31.6%) patients with SCF. Proximal and distal pressure gradients of patients with SCF were determined to be 15.84 ± 12.11 mmHg in the intracoronary pressure measurements. Fractional flow reserve values were significantly lower than the normal population (0.83 ± 0.13, P < 0.0001). This study indicates that patients with SCF have diffuse intimal thickening, widespread calcification along the vessel wall and atheroma which does not cause luminal irregularities in coronary angiography, and a pressure gradient between proximal and distal segments of epicardial coronary arteries with SCF. Based on these results, we believe that SCF may be a form of diffuse atherosclerosis involving both the microvascular system and epicardial coronary arteries. (Jpn Heart J 2003; 44: 907-919) 
of a normal coronary anatomy. As described by Tambe, et al 2) in 1972 for the first time, many etiological factors such as microvascular dysfunction, coronary vasospasm, and small vessel disease have been implicated. [2] [3] [4] In addition, all patients with proven microvascular disease do not have SCF. Thus, it still remains to be determined whether or not either microvascular or epicardial diffuse atherosclerotic disease is related to slow flow. On the other hand, some postmortem studies have revealed possible co-incidence of epicardial and microvascular disease. 5, 6) Accordingly, many studies have shown evidence of diffuse atherosclerosis despite angiographically normal coronary arteries. [7] [8] [9] Intravascular ultrasound (IVUS) imaging can detect intimal thickening and is suitable for detection of early atherosclerosis, which cannot be detected by conventional angiography. 10) Increased stiffening and decreased distensibility of the large arteries are associated with the presence of coronary artery disease (CAD) 11) and is an independent predictor of mortality. 12) Additionally, recent studies 13, 14) with intracoronary pressure recording have demonstrated that, in normal coronary arteries, proximal and distal pressures differ by no more than 1 mm Hg. However, in nonstenotic vessels with atheroma, the difference averages 10 mm Hg. 14) Therefore in this study, intravascular ultrasound and fractional flow reserve (FFR) were investigated to disclose the relation, if any, between epicardial coronary morphology and intracoronary pressure of the coronary arteries of patients with slow flow. To our knowledge, there is no evidence of morphological and intracoronary pressure abnormalities of coronary arteries using IVUS and FFR in the literature regarding patients with slow coronary flow. Thus, we aimed to investigate the epicardial coronary morphology and intracoronary pressure in relation to SCF.
METHODS

Study population:
The study population consisted of 19 patients with slow coronary flow [11 (57.9%) female; 55.95 ± 9.42 years] who underwent coronary angiography because of typical and quasi-typical symptoms of angina between January 2001 and June 2002. All patients had otherwise normal coronary angiograms except slow coronary flow determined by quantitative measures. Patients suffering from one of the following diseases or associated disorders were excluded from this study; myocardial and/or valvular heart disease, torsades de pointes, a myocardial bridge, coronary ectasia, a proximal lumen diameter less than 3 mm, diabetes mellitus, hypertension, and left ventricular hypertrophy. The patients who complied with the study design were called back within the following month and were comprehensively informed about the procedure. Only 19 out Vol 44 No 6 of 45 patients were suitable and accepted such a procedure. After signed informed consent was obtained, all concomitant medications were stopped 48 hours prior to the procedure. As a control group, we studied 14 patients [6 females (42.8%), age, 53.93 ± 9.51 years] who underwent coronary angiography because of typical and quasi-typical symptoms of angina. None of the control subjects had any evidence of structural cardiac or systemic diseases, and all had normal echocardiographic study results and maximal exercise testing.
The study was carried out according to the principles of the Declaration of Helsinki and was approved by the institutional review board of Mersin University. Coronary angiography: Coronary angiography was applied by a femoral approach using the standard Judkins technique. Coronary arteries in left and right oblique planes and cranial and caudal angles were demonstrated. Left ventricular and aortic pressures were obtained. During the coronary angiography, lopromide (Ultravist-370, Schering AG) was used as a contrast agent and was manually injected (6-8 mL contrast agent at each position). Proximal coronary lumen diameter was measured by the (QCA Quantitative Computer-assisted) facility at our university, and those with a caliber of 3 mm or more were enrolled for further SCF measurements. Slow coronary flow and TIMI frame count: For the quantitative measurement of coronary blood flow, the time elapsed from the appearance till the contrast agent reached the distal end of either left anterior descending artery or circumflex artery in terms of cineframe count was considered to be the TIMI frame count. Thereafter, the final count was subtracted from the initial count and the exact TIMI frame was calculated for the given artery. 15, 16) However, it was divided by 1.7 when LAD was the case for adjusted correction. TIMI frame counting was undertaken by 2 separate cardiologists. In the case of a conflict the frames were referred to a third cardiologist. The corrected cut-off values due to the length for normal visualization of coronary arteries were 36.2 ± 2.6 frames for LAD, 22.2 ± 4.1 frames for Cx, and 20.4 ± 3 frames for RCA. Any values obtained above these thresholds were considered as slow coronary flow. All TIMI frame counts were measured in matched projections using the brandname "Medcon Telemedicine Technology" (version 1.900, Israel). Coronary pressure measurements and calculation of FFR: After the pressures had been stabilized, maximum coronary hyperemia was obtained by intracoronary adenosine (15 µg in the right or 20 µg in the left coronary artery was infused). 17) FFR was calculated as the ratio of mean hyperemic distal coronary pressure measured by a pressure wire to mean aortic pressure measured by the guiding catheter. FFR was calculated at maximal hyperemia from the simultaneously recorded Pa (aortic pressure) and Pd (distal coronary pressure) by the ratio (FFR = Pd/Pa). 13) If there is no resistance along an artery, there is no pressure decline and FFR equals 1.0. The larger the resistance to blood flow, the larger the decline in pressure and, thus, the smaller FFR is. Therefore, FFR as the ratio of distal to proximal coronary pressures is an index of the resistance to flow along the epicardial vessel and, conversely; 1-FFR represents to what extent (expressed in percent) the segment of epicardial artery located between the 2 measurement points (Pa and Pd, respectively) contributes to the total resistance of maximal myocardial flow.
14) The measurement was performed twice, and FFR was taken as the average of the two measurements. Intravascular ultrasound: All patients enrolled in the study underwent subsequent IVUS investigation at the same setting with FFR measurement. The brandname "Endosonics In Visions Imaging System" was utilised during IVUS. After intracoronary injection of 2 mg of isosorbide dinitrate, the imaging catheter (Endosonic Visions Five-64 F/X catheter) had a 30 frames/second maximum frame rate and a 20 MHz single-piezoelectric crystal transducer mechanically rotating at 1,800 rpm within a 3.5-F monorail catheter was then advanced over a 0.014-inch angioplasty guide wire in control subjects or a 0.014-inch fiber-optic high-fidelity pressure-monitoring wire (the same guide wire used in FFR) in patients with SCF into the coronary artery as distally as possible and was then carefully pulled back to continuously image the wall morphology. The size of the Judkins catheter was used to calibrate the length of the coronary segment. Images were analysed frame by frame and the external elastic lamina border was manually traced. The segment for the IVUS measurement was selected as follows: proximal segment was 10 mm, middle segment 30 mm, and distal segment 50 mm from the orifice of each coronary artery. The measurement was performed at three points (the center of each segment and points 5 mm proximal and distal to the center) in each segment and the IVUS parameters were averaged within each segment. With computer planimetry, the target sites were assessed quantitatively using the following measurements ( Figure 1 ) . 18) 1-Total vessel area (VA), defined as the area surrounded by the media/ adventitia leading edge, 2-Lumen area (LA), the area surrounded by the intimal/luminal leading edge, 3-Intima + media area (IMA = VA-LA) was calculated for each cross section, 4-Percent IMA (%IMA) was calculated as IMA area divided by total VA, 5-Maximal intima + media thickness was calculated as the maximal diameter from the lumen-intimal border to the echo reflective adventitia border.
Additionally, the following criteria 8) were chosen for lesion characteristics and severity; atherosclerotic lesion; in any segment ≥ 5 mm intima + media thick-Vol 44 No 6 ness, eccentric lesion; if maximal thickening exceeded two fold minimal thickening, the lesion was considered eccentric, calcified lesions; focal or diffuse calcification leading to acoustic shadowing. All images were recorded on recordable compact disks for subsequent data analysis. Each IVUS image was analyzed off-line by two independent experienced IVUS analysts. Myocardial perfusion scintigraphy (MPS): All patients underwent MPS investigation 24 hours prior to the FFR and IVUS measurements. Both stress and rest images were taken after Tc-99m sestamibi. All images were taken using a Siemens ECAM 2000 gamma camera. Initial images were at the 45 RAO position and 32 slices were taken in 30 minutes till 180 degrees was reached. Standard Bruce protocol was used for stress images. After 85% of the target heart rate (220-age) was achieved 814-1110MBq (22-30mCi) Tc-99m sestamibi injection was done allowing exercise for another 1-2 minutes. SPECT method was used for image interpretation. 19) Statistical analysis: Categoric variables are expressed as counts and percentages. Continuous variables are expressed as the mean ± SD. Multivariate analysis was performed using the general linear model on SPSS version 10.0 (SPSS Inc, Chicago, Illinois) software. The Pearson correlation test was used to determine any relation among TIMI frame count, FFR, IMA, %IMA, and I + M thickness. Given the fact that FFR is universally 1.0 in otherwise normal coronary arteries, all FFR results were compared using the test value of 1.0 of One-sample t test. When the FFR results were examined according to gender, the Mann-Whitney U test was used in the analysis. All hypothesis testing was 2-tailed. A P value of < 0.05 was considered significant.
RESULTS
Patient characteristics:
Patients with SCF and control subjects had similar baseline clinical characteristics. The clinical and angiographic characteristics of the patients with SCF and control subjects are listed in Table I . During contrast injection at angiography, 5 patients had a ST segment depression of 1-2 mm and another 3 had typical anginal pain. No complications were observed in the subjects during invasive procedures. In the patient group, the TIMI frame count for the left anterior descending coronary artery (n = 13) was 57.31 ± 12.52 frames, 44.00 ± 2.83 frames for the left circumflex coronary artery (n = 2), and 41.25 ± 5.44 frames for the right coronary artery (n = 4). By multivariate regression analysis, proximal, middle, distal and mean I + M thickness, IMA and % IMA of patients with SCF were found to be significantly higher than those of control subjects after IVUS examination (Table II) . Furthermore, longitudinally extended massive calcification throughout the epicardial arteries was found in 13 (68.4%) patients with SCF and regional calcification was found in 6 (31.6%) patients with SCF. Eccentric lesions were determined in 13 (68.4%) subjects in the patient group and in only 3 (21.3%) subjects in the control group (P = 0.013) (Figure 1 ). Multivariate regression analysis revealed age, gender, cigarette smoking, heredity, total cholesterol, systolic and diastolic blood pressures on I + M thickness, IMA, and %IMA had no effects in either group. Proximal and distal pressure gradients of patients with SCF were 15.84 ± 12.11 mmHg in the intracoronary pressure measurements. FFR values are universally 1.0 using the one-sample T test, and all others were compared to 1.0 as a percentage. The FFR values were significantly lower (0.83 ± 0.13, P < 0.0001) compared to the normal population. Three out of 19 patients had perfusion defects signifying myocardial ischemia on SPECT and the values were 0.58, 0.63, and 0.73 (Figure 2 ). When the FFR values were compared according to gender, they were lower in males although not significantly (males, 0.77 vs females, 0.88, P > 0.05). I + M thickness, IMA, and %IMA were correlated linearly with TIMI frame count but reversely with FFR ( Figures 3A, 3B and 3C ). 
DISCUSSION
Diffuse intimal thickening and intravascular ultrasound: IVUS imaging can detect intimal thickening and is suitable for detection of early atherosclerosis, but distinguishing the intima and media layers by IVUS is difficult. 10) Since morphologic changes in the media layer do not occur up to very advanced atherosclerotic stages, 20) the thickness of the intima-media complex is considered to represent arterial wall thickness and is used to assess the degree of atherosclerotic change.
10) Accordingly, increases in I + M thickness, IMA, and %IMA might reflect an intimal thickening of coronary arteries in this study. The present study demonstrates that the IMA was thickened diffusely throughout given coronary artery in patients with SCF. Slow coronary flow: Some biopsy studies of patients with SCF 3, 4) showed that SCF could be the result of increased resistance in arterioles. In addition, remarkable progress in restoring coronary flow by dipyridamole treatment was observed in these patients. 4, 16) Interestingly, no beneficial effect of nitrogylcerine infusion was observed in the same studies. 21) When dypyridamol was effective, nitroglycerine was not effective on arteries smaller than 200 µm. This finding was related to increased microvascular resistance in the pathogenesis of SCF. Furthermore, Nakatani, et al 10) have reported that nitroglycerine increases coronary distensibility in arteries with normal or mildly increased I + M thickness but not in arteries with markedly increased I + M thickness because of medial smooth muscle atrophy or advanced atherosclerotic lesions. Therefore, ineffective results for nitroglycerine on SCF could be correlated with diffuse intimal thickening in addition to increased microvascular resistance. Accordingly, some postmortem studies 5, 6) revealed a co-incidence of epicardial and small vessel disease. According to preliminary data, in the early phase of atherosclerosis or with intensive coronary Figure 3C . Correlation curves for fractional flow reserve, TIMI frame count, and intima + media thickness.
artery disease risk factors, vasodilation capacity of coronary resistive arterioles by pharmacologic and physical stress was disturbed before development of angiographic atherosclerotic disease. 22, 23) A growing body of evidence from studies using IVUS to assess vessel characteristics has challenged traditional concepts of the development of atherosclerotic disease and provides support for the model of atherogenesis described by Glagov, et al in 1987. 24) According to the traditional model of atherosclerosis, the gradual accumulation of atheromatous material in the arterial lumen results in gradual luminal narrowing that may produce symptomatic disease. Glagov, et al proposed that the initial stages of the atherosclerotic process are characterized by vessels remodeling whereby the accumulating atheromatous material grows into the vessel wall, distending the external elastic membrane without narrowing the lumen. 24) This compensatory remodeling of the vessel prevents luminal encroachment until a very late stage of disease, by which time there is considerable atherosclerotic burden within the vessel. Thus, an implication of this model is that angiography may show a preserved luminal diameter despite the presence of advanced atherosclerotic disease.
In previous studies, decreased coronary distensibility, increased stiffness, and effected coronary blood supply were demonstrated in coronary arteries with diffuse intimal thickening, but without any obstructive coronary artery disease, supporting our study. 7, 10, 18, 25) Besides, the frequency and fluid dynamic severity of diffuse coronary artery narrowing in patients with coronary artery disease have not been previously described. Thus, it is hard to explain the effects of diffuse atherosclerosis on myocardial blood flow on a luminal diameter basis only. Among those which reduce coronary blood flow, dysfunction in resistive vessels plays a major role (one of the predictors of premature atherosclerosis). Thus, we speculate that in the absence of epicardial focal stenosis, heigtened resistance along the intima + media border (due to diffuse calcification and intimal hyperplasia) could contribute to slow coronary flow in the same setting.
Microvascular blood reserve can be evaluated by CFR. Although there is no clinical study to prove this opinion, Von Lider, et al 26) have shown that CVF confirmed the extremely slow blood flow velocity in a patient with SCF but coronary flow reserve and coronary blood flow proved to be within normal ranges. These findings suggest that SCF may not always be due to a microvascular disease. They speculated that SCF might be due to epicardial artery disease, as suggested by marked coronary artery ectasia. Absolute coronary flow reserve (CFR) is an index of the serial resistance of an epicardial and microvascular disease and does not distinghuish between these two entities. Therefore, FFR and CRF may be combined to obtain more accurate information about epicardial and microcirculation in patients with SCF.
Diffuse atherosclerosis and fractional flow reserve: In maximal hyperemia, FFR is independent from the microvascular bed and in normal coronary arteries, proximal and distal pressures differ by no more than 1 mm Hg. 13, 14) However, in diffuse atherosclerosis with nonstenotic atheroma, intracoronary pressure decreases from proximal to distal by degrees. De Bruyne, et al 14) have found in nonstenotic vessels with atheroma that the difference averages 10 mm Hg. In the same study there was no correlation between the luminal diameter and FFR. Eight percent of the patients had a FFR value of less than 0.75 in the absence of focal stenosis. On the other hand, it has been shown that a hyperemic residual gradient may persist even after successful stent implantation. 13) To the best of our knowledge, no study depicting the correlation between the luminal diameter assessed by IVUS and the FFR exists. Therefore, it is hard to justify the net contribution of proximal and distal vessel resistance increase to FFR in patients with diffuse atherosclerosis.
The present study demonstrates that in these patients, without angiographically focal stenosis within the coronary tree, a decline in distal coronary pressure leading to FFR values below 1.0 was the surprising finding (0.83 ± 0.13, P = 0.000). The difference between 8 distal and proximal arterial pressures averaged 15.84 ± 12.11 mmHg. Thus, our findings clearly signify the independent atherosclerotic involvement of epicardial arteries in slow flow process. Therefore, we speculate that rather than the narrowed lumen area, it is the heightened resistance itself throughout the artery due to diffuse atherosclerosis which may have caused the subthreshold FFR values. Slow coronary flow and TIMI frame count: Angiographic evaluation of SCF has been made visually since first being defined by Temb, et al. Gibson , et al 15) first described the TIMI frame count system and used it to evaluate coronary artery patency and flow velocity after thrombolytic treatment in patients with acute myocardial infarction. Later, this system was used to evaluate flow velocity quantitatively in patients with SCF.
16) The TIMI frame count system is an important method with which to detect a numeric value of anterograde blood flow objectively in patients with SCF. 27) In our study, we found a linear correlation between TIMI frame count and I + M thickness parameters. This finding could indicate that the TIMI frame count system is a valuable parameter showing the correlation between an increase in diffuse coronary arterial resistance (micro and macrovessels) and anterograde blood flow. Pathophysiologic correlates: An increased diffuse intimal thickening and decreased FFR in SCF could explain some controversial findings reported in these patients. Indeed, although previous studies [2] [3] [4] strongly suggested the presence of microvascular dysfunction, the occurrence of myocardial ischemia was only sporadically demonstrated. 28, 29) Although their prognosis is good, most of these patients continue to experience regular and/or worsening chest pain despite reassurance that they do not have obstructive coronary arteries. 30) The limited number of patients with SCF in this study prevents us from reaching a definite opinion. Another attractive result of our study is that 3 (15.8%) patients who have perfusion defect had low FFR values < 0.75 which is accepted as a limit for ischemia. These low FFR values could be the result of a greater decrease in coronary flow reserve because of both diffuse disease and microvascular involvement. Furthermore, these results could explain the persistence of chest pain in these patients with increasing grade in the course of time although acute coronary syndromes are not seen frequently. Further studies with more patients and longterm follow up are needed to establish the long-term prognosis of patients with SCF. Study limitations: First of all, the results cannot be extrapolated to the overall coronary tree since the point of interest was the particular vessel which was the one with the highest TIMI frame count. Second, since the universal normal value of FFR (1.0) has been accepted and applied, no control group has been established for a precise comparison.
Conclusion:
The results of this study indicate that patients with SCF have diffuse intimal thickening, widespread calcification along the vessel wall, and atheroma which does not cause luminal irregularities in the coronary angiography. They also have a pressure gradient between proximal and distal segments of epicardial coronary arteries with SCF. Based on these results, we speculate that SCF may be a form of diffuse atherosclerosis involving both the microvascular system and epicardial coronary arteries.
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